We delineated the role of thermally excited ripples on thermal expansion properties of 2D honeycomb materials (free-standing graphene, 2D h-BN, and ML-MoS2), by explicitly carrying out three-dimensional (3D) and two-dimensional (2D) molecular dynamics simulations. In 3D simulations, the in-plane lattice parameter (a-lattice) of graphene and 2D h-BN shows thermal contraction over a wide range of temperatures and exhibits a strong system size dependence. The 2D simulations of the very same system show a reverse trend, where the a-lattice is expanding in the whole computed temperature range. Contrary to graphene and 2D h-BN, the a-lattice of ML-MoS2 shows thermal expansion in both 2D and 3D simulations and their system size dependence is marginal. By analyzing the phonon dispersion at 300 K, we found that the discrepancy between 2D and 3D simulations of graphene and 2D h-BN is due to the absence of out-of-plane bending mode (ZA) in 2D simulations, which is responsible for thermal contraction of a-lattice at low temperature. Meanwhile, all the phonon modes are present in 2D phonon dispersion of ML-MoS2, which indicates that the origin of ZA mode is not purely due to out-of-plane movement of atoms and also its effect on thermal expansion is not significant as found in graphene and 2D h-BN.
I. INTRODUCTION
Graphene has got enormous attraction due its fascinating electronic, thermal and mechanical properties [1] [2] [3] , and it is proposed as a promising candidate for next generation electronic industry 1, 4, 5 . The major pitfall in graphene based electronics is the absence of finite band gap in its electronic band structure. After successful isolation of graphene, the search for other 2D honeycomb materials were geared up in past few years. The 2D hexagonal (h)-BN, which is isostructural to graphene, is an insulator with a finite band gap~5-6 eV 6 , and exhibits intriguing electronic properties [6] [7] [8] . The family of 2D materials are getting richer day by day 9 . Apart from graphene and h-BN, monolayer(ML)-MoS 2 is another high interesting 2D honeycomb material 10, 11 . MLMoS 2 is a direct band gap 10 (1.9 eV) semiconductor, and it exhibits high photoluminescence yield 12 , which puts this material in the front-end of optoelectronic industry. The ML-MoS 2 based field effect transistors (FETs) shows high carrier mobility 13 and on/off ratios [13] [14] [15] . Structural stability of the 2D crystals was an old dispute in condensed matter theory. According to MerminWagner theorem 16 , the long wavelength thermal fluctuations will destroy the long-range order in 2D crystals. But in the case of graphene and 2D h-BN, these fluctuations are suppressed by strong anharmonic coupling between in-plane stretching and out-of-plane bending modes, leading to height fluctuations on the surface, known as ripples 17 . These intrinsic ripples are inevitable in 2D crystals, and they stabilizes the 2D membranes [17] [18] [19] . Transmission electron microscopic study reveals that, the suspended graphene sheets are not perfectly flat, they exhibits out-of-plane deformations 20 . Recent experiments using high resolution atomic force microscopy, shows sinusoidal ripples of periodicity 3 to 6 nm and amplitude of 10 to 100 pm on the surfaces of graphene and 2D h-BN layer of supported flakes 21 . The ripples structure in graphene could be manipulated to sketch devices based on local strain 22 and band gap engineering 23 
.
For aforementioned applications of 2D materials, knowledge of linear thermal expansion coefficients (LTECs) is essential. Several studies has been reported the LTEC of graphene both from simulations 18, [24] [25] [26] [27] and experiments [28] [29] [30] [31] .
Mounet and Marzari

24
predicts that the LTECs of graphene remains to be negative upto 2300 K using quasi-harmonic calculations. Zakhrchenko et al 25 performed Monte-Carlo (MC) simulations and found that in-plane lattice parameter (a-lattice) contracts with temperature upto T = 900 K and further it expands. Ab initio molecular dynamics (MD) simulations by Pozzo et al 26 shows that the C-C distance increases with an increase in temperature for both supported and freestanding graphene; meanwhile the a-lattice is found to be contracting with an increase in temperature (upto 2000 K) in free-standing graphene. The above discrepancies among the various simulations arises due to the difference in the incorporation of anharmonicity in those calculations, its effects are very strong in 2D crystals 18 . From the experimental front, Bao et al 28 , reported the negative thermal expansion of graphene in the temperature range 200 K -400 K. Later, Yoon et al 30 , also found that thermal expansion coefficient of graphene is negative in the above temperature range using temperature dependent Raman spectroscopy. The authors also observed the strain effect induced by substrate-layer interaction can alter the physical properties of graphene.
In quasi-harmonic approximation (QHA) the 2D sheets are considered to be flat, hence the effects of ripples cannot be incorporated in a direct manner. Moreover, within the ab initio frame work we cannot include more than few hundreds of atoms in the simulation cell, which seems to be in-adequate to incorporate the long wavelength ripples. From the experimental perspective, most of the measurements are made on graphene supported on a substrate or over a trench, such measurements are extremely challenging due to the strain effects, and may not be able to capture the intrinsic thermal expansion properties of free-standing graphene with ripples. Classical MD simulations can incorporate millions of atoms and also computation can be done with free-standing sheets contains all rippling effects, hence it will be an ideal choice to overcome the above limitations. The thermal expansion of graphene has been reported in various studies as mentioned above. However, the thermal expansion of 2D h-BN and ML-MoS 2 are not studied in detail, which is essential to devise hybrid nano-devices and hetero-structures 9 . The objective of the present paper is to understand the the role of ripples on thermal expansion properties of honeycomb materials explicitly. To delineate the role of ripples, we studied the the thermal expansions of very same system using threedimensional (3D) and two-dimensional (2D) molecular dynamics (MD) simulations, the later cannot incorporate the effects ripples.
II. COMPUTATIONAL METHODS
All simulations are done using classical MD simulation package LAMMPS
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. To understand the role of ripples, we explicitly carried out 2D and 3D simulations of very same system at different temperatures. In 2D simulations, we arrested the motion of atom along the direction normal to the sheet and prevent the formation of thermally excited ripples using fix enforce2d command
. Ripples are naturally included in 3D simulations and leads to a corrugated surface instead of flat 2D sheet. Simulation cell of different sizes are used to incorporate the effects of long wavelength ripples. Periodic boundary conditions (PBC) are employed in all the three directions. To avoid the un-physical interactions between the periodic images, the sheets are stacked one above another with an additional vacuum separation of 15 Å. In this study, we employed empirical interatomic potentials (EIP) to model the interactions in honeycomb structures. We followed the same algorithm for both 2D and 3D simulations which is given below. Inorder to eliminate any residual stresses that could be present in the initial configuration, the geometry is relaxed using conjugate gradient algorithm. The system is then equilibrated for 500 picoseconds (ps) in isobaric-isothermal (NPT) ensemble at desired temperatures and ambient pressure. After ensuring the proper equilibration and thermalization, we monitored the variation of lattice parameters as a function temperatures. The whole simulations are done for 3.2 nanoseconds. The linear thermal expansion coefficients (LTECs) are obtained by direct numerical differentiation (equation 1) of above data.
III. RESULTS AND DISCUSSIONS Figure 1 displays the configuration of graphene, 2D h-BN and ML-MoS 2 at 300 K. In 2D simulation, we obtained a flat 2D sheet without any ripples, while 3D simulation shows corrugations on the surface due to the formation of ripples. The interactions between C-C atoms in honeycomb lattice of graphene is modeled using a bond-order potential (LCBOP)
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. The LCBOP potential predict the equilibrium in-plane lattice parameter (alattice) a 0 = 2.459 Å, shows an excellent agreement with experiment (a 0 = 2.463 Å). We used simulation cells of various sizes (10×10×1, 30×30×1, 50×50×1, 70×70×1, 100×100×1, 150×150×1) to incorporate the effect of long wavelength ripples. Figure 2 displays the temperature dependence of a-lattice and linear LTEC of free-standing graphene. In 3D simulations, we found that the a-lattice decreases with an increase in temperature. Fourth order polynomial fit to the above data shows that minima occurs in the temperature range 1300 K -1400 K, and further it expands with an increase in temperature, this is consistent with our previous study 18 . Noteworthy, the temperature evolution of a-lattice is system size dependent ( Figure 1 ). For simulation cell of size 10×10×1 (contains only 200 atoms) a-lattice shows relatively less contraction with respect to bigger cells and minima occurs around T = 1100 K. As we increase the system size size, a-lattice shows a convergence from 70×70×1 (9800 atoms) onwards, and the minima falls in the temperature range 1300 K -1400 K (dependence on system size). The similar system size dependence was reported by Pozzo et al In 3D simulations, the LTEC are negative for all simulation cells. The LTEC also shows a system size dependence and its value for 10×10×1 simulation cell is roughly half of the value of 150×150×1 cell (table I). The value of LTEC at 300 K (α a = −4.35 × 10
) is in qualitative agreement with previous calculations 24, 25, 27 . All simulations predict the LTEC roughly half of the experimental value 28, 30 ( imental data may not be due to the strong anharmonic nature of graphene. Though the above experiments 28, 30 has taken care to eliminate the strain effect induced by substrate, more accurate analysis is needed to get a clear picture. To support the above arguments, we can see the previous observation of Pozzo et al 26 , when the graphene sheet was supported on Ir (111) substrate, it shows thermal expansion instead of thermal contraction. Jiang et al 34 used Green's function technique and reported that the LTEC is very sensitive to substrate layer interaction, a weak substrate-layer interaction can cause a significant change in the value of LTEC, and if the substrate effects are strong enough, the LTEC can become positive in the whole computed temperature range. Later, Pan et al 31 , used temperature dependent Raman spectroscopy and measured a lower bound of LTEC (at 300 K (α a = −5.5 × 10
) of graphene which was supported on BN, while Bao et al 28 and Yoon et al 30 
used
Si and SiO 2 substrates to support their graphene sheet, respectively; this may be one of the reason to have different LTEC in these experiments. Our results, along with the earlier theoretical predictions 24, 25, 27 are in qualitative agreement with Pan et al 31 .
The temperature dependence of a-lattice obtained from 2D simulations is shown in Figure 1 . In contrast to 3D simulations, a-lattice increases with an increase in temperature, and it does not show any system size dependence. Unlike 3D simulations, the LTEC obtained from 2D simulations are all positive in sign and does not have any system size dependence (table I). Since there is no movement of atoms along Z direction, rippling effects are absent in 2D simulations, hence a-lattice shows a thermal expansion, and the sign of LTEC is positive in the whole computed temperature range. From above observations, it can be concluded that, the long wavelength ripples are responsible for thermal contraction of freestanding graphene over a wide range of temperatures.
2D h-BN is another one-atom thick material, being 2D crystal, ripples are un-avoidable in 2D h-BN also; hence we extended the above analysis to 2D h-BN to understand its thermal expansion behaviour. The interaction between the B and N atom is modeled using a Tersoff type potential parametrized by Sevik et al 35 . The present potential predicts the structural and mechanical properties of 2D h-BN reasonably accurately. The equilibrium a-lattice obtained with present potential shows an excellent matching with experiments (a 0 = 2.500 Å) 36, 37 . Figure 3 displays the temperature dependence of a-lattice. In 3D simulation, a-lattice decreases with an increase in temperature in the whole computed range and matching with our previous study 19 . Similar to graphene, a-lattice shows a system size dependence in 2D h-BN also, and again we found a convergence from the simulation cell of size 70×70×1 (9800) onwards. Paszkowicz et al 38 measured the thermal expansion (10 K -297.5 K) of bulk h-BN using synchrotron X-ray diffraction technique, and they found that a-lattice shows a flat variation at low temperatures (10 K -100 K), above 100 K it falls with an increase in temperatures upto 300 K. In 2D simulation, the a-lattice increases with an increase in temperature and shows thermal expansion in the whole computed temperature range. The a-lattice does not show any system size dependence in 2D simulations and it is consistent with our observations in graphene. The LTEC obtained at 300 K are shown in table II, the system size dependence of LTEC is discernible. The LTEC at 300 K (α a = −5.509 × 10
) is matching with previous quasi-harmonic predictions 27 . The LTEC obtained from to model the interaction between the Mo and S atoms in ML-MoS 2 . The present potential predicts the equilibrium a-lattice, a 0 = 3.17 Å which is close to the experimentally reported value (3.16 Å) 41 . Figure 4 displays the thermal expansion of a-lattice and LTEC. The a-lattice is expanding in the whole computed temperature range in both 2D and 3D simulations, and its system size dependence is marginal. The LTECs of ML-MoS 2 is positive in both 2D and 3D simulations (table III) , and their magnitudes are slightly higher in 2D simulations at low temperatures (T < 300 K). The LTEC obtained from 3D simulation at 300 K (4.140×10
) matches with previous experimental data (4.922×10
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. Though ML-MoS 2 possess the same hexagonal honeycomb lattice structure of graphene and 2D h-BN, the a-lattice shows a positive thermal expansion 27, 43, 44 and it has been measured earlier in bulk-MoS 2 using X-ray powder diffraction 42, 45 . This contradiction with graphene and 2D h-BN can be visualized as an effect of S-Mo-S sandwich structure in ML-MoS 2 , which reduces the rippling behavior considerably 46 . The Mo-Mo distance in Mo layer is higher than that of C-C atom in graphene, hence the Mo-S interaction is responsible for lower height fluctuation of Mo atom in MLMoS 2
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. This difference in thermal expansion property among the above mentioned honeycomb materials can be utilized to make future hybrid nano-devices.
Inorder to understand the underlying mechanism behind the thermal contraction or expansion of solids, Grüneisen theory has been widely used 24, 27, 47 . According to Grüneisen theory, modes with positive Grüneisen parameters will encourage the thermal expansion, while modes with negative Grüneisen parameter will aid thermal contraction. A solid will undergo thermal expansion or contraction is determined by the balance between the modes with positive and negative Grüneisen parameters 47 . For graphene, the Grüneisen parameters of low lying bending mode (ZA) become large negative (as low as -80). At low temperature only low frequency acoustic modes will be excited, (high frequency optic modes with positive Grüneisen parameters are frozen) and contributes to thermal contraction 24, 27 . The negative Grüneisen parameter of ZA mode is due to the membrane effect, predicted by Lifshitz
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. Apart from graphene, Sevik et al 27 extended Grüneisen theory analysis to 2D h-BN and ML-MoS 2 , and they observed a large negative Grüneisen parameter of ZA modes in 2D h-BN also, and it is responsible for thermal contraction. For ML-MoS 2 , the Grüneisen parameter associated with ZA mode is relatively small (~-10), and leads to thermal contraction only at very low temperature (T < 20 K) 43 . MD simulations are not meaningful at very low temperatures, due to the manifestation of quantum effects. Hence, we performed simulations for temperatures T >100 K, so we couldn't observe above thermal contraction effects in ML- 4.0x10 -6 6.0x10 -6 8.0x10 MoS 2 . The Grüneisen parameter of ZA is fully negative in graphene
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, while in ML-MoS 2 it is negative only near the Γ point and becomes positive along K-M direction in the Brillouin zone 43 . This negative-to-positive change attributes to phononic hybridization and finite thickness effects of ML-MoS 2 which counteracts the membrane effects in 2D systems 43 . The mode dependent Grüneisen parameters are computed by strain derivative of phonon frequencies which obtained using quasi-harmonic approximation (QHA) 24 . One drawback of above method is that, under certain compressive strain, it is difficult to keep the crystal stable. When compressive strain is large enough, it leads to imaginary frequencies around the Γ point which cannot be used to compute the mode Grüneisen parameters. Due to above limitation, wavevectors are computed with less accurate finite difference algorithm around the Γ point 49 . Moreover in QHA we are using a flat 2D sheet, which is devoid of ripples. Despite the above limitations, Grüneisen theory predicts the thermal expansion of honeycomb structures reasonably well .
Instead of Grüneisen theory, here we analyzed the role of different phonon modes on thermal expansion behavior by computing the phonon dispersion at finite temperatures. Inorder to understand the effect of ripples on phonon modes, one has to compute the phonon dispersion separately from 2D and 3D simulations. Lattice dynamics (LD) methods 50 predicts the phonon frequencies and polarizations from the second derivative of interatomic potential at 0 K, hence it won't make any difference between 2D and 3D simulations, moreover anharmonic effects are completely absent in LD methods. To over come the above limitation, we developed a spectral energy density based method to compute the phonon frequencies directly from classical MD simulations 18, 19 , it will capture the true anharmonic behavior of all phonon modes without any approximations. Figure 5 shows the 2D phonon dispersion of above mentioned honeycomb structures. The green dot-dash curve is obtained using LD method at 0K, the thick black curve is computed directly from MD simulation. The 3D phonon dispersions of graphene and 2D h-BN at finite temperatures are reported in our earlier papers 18, 19 , hence here we are focusing on 2D phonon dispersion at 300 K. The graphene and 2D h-BN unitcell contains 2 basis atom, which leads to six modes of vibrations, three of them are acoustic (A) and remaining three are optic (O) modes. The modes are labeled according to their po- , and it is due to D 3h point group symmetry 51 . The Overall agreement of LD frequencies of graphene and h-BN with previous calculations are satisfactory 35, 52 . In 2D dispersion, the in-plane acoustic modes LA and TA shows similar behavior as reported in 3D dispersion 18, 19 . The most interesting phenomena observed here is the absence of out-of-plane modes such as ZA and ZO in 2D phonon dispersions of both graphene and 2D h-BN. Since we arrested the motion of atoms along Z directions, the branches corresponding to outof-plane motions are missing in phonon dispersion. This complete absence of ZA and ZO mode is the reason behind the continuous thermal expansion of a-lattice in 2D simulations, and this observation is completely agreeing with Grüneisen theory based analysis. The novelty of the present approach is that, it exposes the importance of out-of-plane modes (ZA) in determining the thermal expansion behavior, by computing the phonon dispersion from the typical dynamics of atoms, instead of symmetry based LD methods.
In ML-MoS 2 , due to the trigonal prismatic arrangement of Mo and S atoms, vibrational modes behaves quite differently from graphene and 2D h-BN. The unitcell of ML-MoS 2 contains three basis atoms, hence there will be nine modes of vibrations (3 acoustic+6 optic). Figure 5c displays the phonon dispersion in h-MoS 2 . The LD calculations are in good agreement with previous reports 53, 54 . The gap between the acoustic and optic mode (TO1) is discernible, where three acoustic branches TA, LA and ZA are separated below the optic branch (TO1) by~55 cm −1 at M point in the Brillouin zone, and it is in agreement with ab initio calculations
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. The LA and TA modes show linear dispersion, while ZA mode exhibits quadratic dispersion around the Γ point, analogous to graphene and h-BN. Unlike graphene and h-BN, all outof-plane modes are present in 2D dispersion of ML-MoS 2 . Though we arrested the out-of-plane motion, the ZA and ZO branches are still persisting in ML-MoS 2 , and this can be ascribed to the finite thickness effect of ML-MoS 2 . The graphene and h-BN are one atom thick structure and have more flexibility along out-of-plane direction, the S-Mo-S sandwich structure of ML-MoS 2 makes it a more rigid material along out-of-plane direction and leads to less rippling. The magnitude of thermally excited ripples can be quantified using the height-height correlation function h 2 , and its value is much smaller for ML-MoS 2 in comparison with graphene, and it is an outcome of less rippling behaviour of ML-MoS 2
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. The finite thickness of ML-MoS 2 counteracts the membrane effects, and hence the origin of bending mode (ZA) is not purely due to the out-of-plane vibrations as in graphene and h-BN.
IV. CONCLUSIONS
Thermally excited ripples are inevitable in 2D crystals, and they can affect the thermo-physical properties of these materials significantly. Inorder to delineate the role of ripples on thermal expansion of 2D honeycomb materials (graphene, 2D h-BN and ML-MoS 2 ) we performed three-dimensional (3D) and two dimensional (2D) molecular dynamics simulations, the later cannot incorporate the effects of ripples. The in-plane lattice parameter (a-lattice) of free-standing graphene calculated from 3D simulations shows a thermal contraction upto T = 1300 K -1400 K (depend on system size) and expands thereafter. The linear thermal expansion coefficient (LTEC) changes its sign from negative to positive in the above temperature range. At the same time, the alattice of very same system obtained from 2D simulations shows continuous thermal expansion instead of thermal contraction and LTECs are positive for all system sizes. The above analysis was extended to 2D h-BN and found the similar discrepancy between 2D and 3D simulations. Contradicting to graphene and 2D h-BN, the a-lattice of ML-MoS 2 shows thermal expansion in both 3D and 2D simulations, and the LTECs are positive and their system size dependence is marginal. The above discrepancy is analyzed by computing the 2D phonon dispersion at 300 K using spectral energy density method. The out-ofplane bending (ZA) mode is missing in 2D phonon dispersions of graphene and 2D h-BN. The ZA mode, which is responsible for thermal contraction of in-plane lattice parameter at low temperature is absent in 2D simulations, which leads to continuous thermal expansion. However, these modes are present in 2D dispersion of ML-MoS 2 , indicates that its origin is not purely due to the out-ofplane vibrations, and its effects on thermal expansion is not significant as found in graphene and 2D h-BN systems.
